In our previous study, it is reported that damping capacity as well as hardness of an Fe20 mass%Mn alloy can be improved by the thermomechanical training featured by rolling deformation. In this study, the thermo-mechanical training of an Fe17 mass%Mn alloy is carried out with bending mode, since vibration manner of the internal friction measurement refers to bending mode. An anisotropic damping capacity is observed for samples subjected to bending mode training. Moreover, the trade-off between the damping capacity and hardness can be overcome by thermo-mechanical training. To be concluded, the thermo-mechanical training is useful for enhancement of damping properties and hardness of FeMn alloys.
Introduction
As one of actuator materials, shape memory alloys (SMAs) are well studied. A high damping capacity is considered as one of the important functional properties of SMAs. For example, it is well known that TiNi and CuAlMn SMAs can exhibit high damping capacity. 13) Those properties are related to a martensitic transformation.
In the meantime, it is well recognized that the increase of damping by traditional methods results in a reduction of the strength of mechanical properties. 4) Figure 1 shows an internal friction, Q
¹1
, vs. tensile strength map, where most of metallic materials are classified into three groups, the high-, intermediate-and low-damping materials. 5) Therefore, the trade-off relation between the damping capacity and strength must be overcome.
The FeMn based alloys undergoing martensitic transformation from £-austenite (fcc) to ¾-martensite (hcp) are known as low-cost high-damping alloys. It is reported that the damping sources of FeMn alloys were ¾-martensite variant boundaries, stacking faults in £-austenite and ¾-martensite and £/¾ interphase boundaries. 6) According to our previous studies, 7, 8) it is found that the damping capacity of an Fe 20 mass%Mn alloy, as well as hardness, can be improved by the training treatments, where the training treatments in the SMA are known as a useful method to improve the shape memory effect (SME) in FeMn alloys. 9, 10) Since the rolling deformation was adopted as the thermo-mechanical training, 7) the deformation mode was different from that in vibration of internal friction measurement.
It has been well known that twelve ¾-martensite variants can be produced according to twelve {111}©112ª shear systems in martensitic transformation of £-austenite to ¾-martensite. 11, 12) However, the relative population of the martensite variants is strongly depended on the direction and sense of the external stress. 13, 14) If the bending mode is adopted for the thermo-mechanical training, it is expected that the favorable ¾-martensite variants for the damping capacity can be introduced since sound and noise are created by bend mode vibrations in elastic amplitude. It is reported that an Fe17 mass%Mn alloy exhibits the highest damping capacity in FeMn binary system. 6) In this study, the effects of the thermo-mechanical training featured by bending mode on microstructure, hardness and damping capacity in an Fe 17 mass%Mn alloy have been studied.
Experimental Procedure
The chemical composition of the FeMn alloy used in this study is listed in Table 1 . This alloy was prepared by melting in a vacuum furnace. The rod shaped cast ingot of 30 kg with 150 mm diameter was homogenized at 1200°C for 24 h, and then hot forging was carried out at temperature range between 1200 and 900°C. After the hot forging, the bar shaped sample with 100 mm © 20 mm © 800 mm was air cooled. The starting temperatures of martensitic transformation (M s ) of FeMn binary alloys are shown in Fig. 2 . 12, 15) In 
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+ Corresponding author, E-mail: yoshimi@nitech.ac.jp this figure, dotted line is the chemical composition used in this study. As can be seen, M s temperature for ¾-martensitic transformation of used Fe17 mass%Mn alloy is about 150°C.
In this study, the effects of thermo-mechanical training on damping capacity are investigated. Figure 3 shows the thermo-mechanical training program. First step of the training is heat treatment. The sample was austenitized at 700°C for 2 h followed by water quenching. Second step is bending at room temperature (R. T.). The bending mode training was adopted, since vibration manner in internal friction measurement is bending, as described later. A couple of deformation tests, bending and flatting deformation, is carried out for one cycle of training, where dies for bending are shown in Fig. 4 (a) and die for flatting is metallic block with flat surface. To study the anisotropic damping capacity, two kinds of initial samples are used for thermo-mechanical training. One is LD sample with dimensions of 1.5 mm © 10.5 mm © 81.0 mm, and its longitudinal direction is perpendicular with respect to the compression die. On the other hand, WD sample has larger size (1.5 mm © 81.0 mm © 60.0 mm), and its longitudinal direction is parallel with respect to the compression die, as shown in Fig. 4(b) . The deformation tests were carried out on an Instron type testing machine at a cross-head speed of 1 mm/min for bending deformation and 2 mm/min for flatting deformation. Since the maximum stroke of the bending deformation is fixed to be 10 mm, radius of curvature of neutral axis is calculated to be 18 mm, as shown in Fig. 4(c) . Then the surface strain of 0.04 can be introduced by this deformation. Bending direction is not changed by training cycle. The training cycling was repeated 2, 4 or 6 times for each sample. After the training, the sample with dimensions of 1.5 mm © 10.5 mm © 81.0 mm was cut from WD sample, as shown in Fig. 4(b) . As a consequence, vibration direction in internal friction measurement of LD and WD samples is parallel and perpendicular with bending direction in the thermo-mechanical training, respectively.
In order to measure damping capacity, internal friction, Q ¹1 was measured at R. T. in air atmosphere using a freedecay method of flexural resonant vibration with both free ends, as shown in Fig. 5 . 8) Since the £-austenite and ¾-martensite phases in Fe17 mass%Mn alloy show paramagnetism, a small piece of ferromagnetic Fe foils (8 mm © 4 mm © 0.2 mm) were attached to both ends of the specimen in order to excite mechanical vibrations efficiently by an electromagnetic force and to sensitively monitor the vibration by an induced current. After a steady-state vibration, the driving signal was turned off and the free-decay curve was recorded by a computer through a high-speed analogue digital converter. The microstructure was observed using optical microscope and electron backscattered diffraction (EBSD) after mechanically and electrically polishing. The electro-polishing was carried out using Struers A2 electrolyte at 13°C and 32 V for 9 s in a Struers Electropol device. EBSD measurement was performed with step size of 0.3 µm. For the EBSD measurements, crystal orientation of ¾-martensite was analyzed with lattice ratio of c/a = 1.613.
16) The hardness was measured using a Vickers hardness tester. Figure 6 shows a typical microstructure obtained with optical microscopy of the sample without the training treatment. It is apparent that the sample without training contains ¾-martensite phase, since M s temperature for ¾-martensitic transformation of used Fe17 mass%Mn alloy is about 150°C, as shown in Fig. 2 . It is also found that the ¾-martensite phase has some variants. This is because twelve ¾-martensite variants can be produced according to twelve {111} £ ©112ª £ shear systems in £ to ¾ martensitic transformation. Average grain size of prior £-austenite in the specimen without training treatment is 20 µm.
Results and Discussion
EBSD results of the sample without training treatment are shown in Figs. 7 and 8. Figures 7(a) and 7(b) are an inverse pole figure map and a phase map, respectively. From the phase map, it is seen that this microstructure consists of ¾-martensite and £-austenite, and ¡-martensite phase could not be observed. Volume fractions of ¾-martensite and £-austenite phases are 82 and 17 vol%, respectively.
Since the damping sources of the FeMn system are related to ¾-martensite phase, 6) a detailed analysis on ¾-martensite phase is performed. Figures 8(a), 8(b) and 8(c) show an inverse pole figure map, an inverse pole figure of only ¾-martensite phase and (111) pole figure of £-austenite in the sample without training treatment, respectively. In the inverse pole figure in Fig. 8(b), [001] presents the direction perpendicular to the LD and the WD directions. As can be seen from Figs. 8(a) and 8(b), crystal orientation distribution of ¾-martensite in whole region of this sample is random although transformation texture of ¾-martensite is observed in a prior £-austenite grain. This is because that there is no texture in crystal orientation of prior £-austenite grains in this specimen as shown in Fig. 8(c) . This is in agreement with the results obtained with optical microscopy. An average size of ¾-martensite measured from Fig. 8(a) is 14.4 µm in length and 2.7 µm in width.
Optical micrographs showing the change in ¾-martensite structure by the thermo-mechanical training are shown in Fig. 9 . LD and WD directions in this figure are longitudinal and width directions in internal friction measurement, respectively, as defined in Fig. 4(b) . In Fig. 9, (a) to (c) are LD samples and (d) to (f ) are WD samples, respectively. Number of cycling is 2 times for (a) and (d), 4 times for (b) and (e), and 6 times for (c) and (f ). Average grain sizes of prior £-austenite in these treated specimens at 2 times, 4 times and 6 times are 40, 39 and 39 µm, respectively. In case of the LD samples, lots of ¾-martensite are oriented with its longitudinal direction parallel with LD direction. On the other hand, ¾-martensite in the WD samples is oriented with its longitudinal direction perpendicular with LD direction. In this way, the ¾-martensite phases have a preferred orientation in the samples with thermo-mechanical training.
Figures 10(a) and 10(b) are an inverse pole figure map and a phase map measured by EBSD, respectively, for the sample subjected to 2 times of thermo-mechanical training. The microstructure consists of ¾-martensite, £-austenite and small amount of ¡-martensite. Volume fractions of each phase are 84.6, 14.5 and 0.9 vol%, respectively. Larger amount ¾-martensite phase is detected as compared with the sample without training. Crystal orientation textures and smaller grain sizes of the ¾-martensite phase are also observed. Figures 11(a) , 11(b) and 11(c) show an inverse pole figure map, an inverse pole figure of only ¾-martensite and a (111) pole figure of £-austenite in the sample with thermomechanical treatment, respectively. In Fig. 11(b), [001] is the direction perpendicular to the LD and the WD directions. As well as specimen without thermo-mechanical treatment, prior £-austenite grains have no texture. On the other hand, it is important to note that strong texture is observed for ¾-martensite, as shown in Fig. 11(b) . Moreover, an average size of ¾-martensite in this sample is 7.9 µm in length and 0.9 µm in width. The size of ¾-martensite in this specimen with thermo-mechanical treatment is smaller than that of the sample without treatment. Therefore, enhanced and anisotropic damping capacity will be expected for the thermo-mechanical trained samples.
Internal friction, Q ¹1 , in the trained samples as a function of training cycle is shown in Fig. 12 . The data of the sample without training is also shown in this figure. It is seen from this figure that enhanced damping capacity is found for the samples with the thermo-mechanical training. It is important to note that an anisotropic damping capacity is observed for the thermo-mechanical trained samples. Namely, a strong training effect was found for LD samples, while a small effect for WD samples. As the deformation of thermo-mechanical training, the same deformation mode for vibration must be chosen if one would like to obtain a better damping capacity of FeMn damping alloy. The increase in internal friction is due to an increase in the number of the favorable damping sources per unit volume, i.e., oriented ¾-martensite variant boundaries, oriented stacking faults and oriented £/¾ interfaces. Therefore, the thermo-mechanical training by bending deformation, in which bending direction parallel with vibration direction in internal friction measurement, increases the relative population of favorable ¾-martensite variant boundaries, favorable stacking faults and favorable £/¾ interfaces for damping capacity. Figure 13 shows the hardness of the samples with and without training treatment. It may have been noticed that thermo-mechanical treatment increases the hardness of Fe Mn alloy, and the hardness increases with increasing the number of training cycle. However, there was no significant difference in hardness between LD sample and WD sample. This is because basically the same thermo-mechanical treatment was performed for LD and WD samples.
An anisotropic damping capacity is found for the thermomechanical training by bending mode. Usually vibration direction of noise souses is predetermined; our technique provides the better damping material for industrial fields. Since it is reported that the 100% ¡-martensitic alloys such as Fe5 mass%Mn and Fe10 mass%Mn alloys showed very low damping capacities, 12) existence of ¡-martensite must be avoided. The ¡-martensite in high manganese FeMn alloy is induced by relatively large strain. Therefore, during the thermo-mechanical training, the surface strain by the bending deformation must be less than 0.04.
In this study, it is found that the thermo-mechanical treatment increases the hardness of FeMn alloy, as well as damping capacity. Therefore, the trade-off between the damping capacity and hardness can be overcome by the training. It can be concluded that the training treatments are very useful for enhancement of the damping property and hardness of FeMn alloy.
Conclusion
In this study, the training effects on microstructure, hardness and internal friction in an Fe17 mass%Mn alloy have been investigated. The thermo-mechanical training featured by bending mode is carried out, since vibration manner in internal friction measurement is also bending mode. The results of the study are summarized as follows.
(1) The ¾-martensite phases have a preferred orientation in the specimens with thermo-mechanical training with bending deformation.
(2) An anisotropic damping capacity is observed for the samples subjected to bending mode thermo-mechanical training.
(3) It is found that the trade-off between the damping capacity and hardness can be overcome by the thermomechanical training.
(4) The training treatments are useful for enhancement of the damping properties and hardness of FeMn alloy. Micro Vickers Hardness, HV Fig. 13 The hardness of the samples with and without training treatment.
